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Summary

An experimental investigation was conducted to

expand the data base and knowledge of flow felds
in cavities over the subsonic and transonic speed

regimes. A rectangular, three-dimensional cavity was
tested over a Mach number range from 0.30 to 0.95

and at Reynolds numbers per foot from 1.0 × 106 to
4.2 x 106. Two sizes of cavities with length-to-height

ratios (I/h) of 4.4 and 11.7 and with rectangular

and nonrectangular cross sections were tested. Ex-

tensive static pressure data on the model walls were

obtained, and a complete tabulation of the pressure

data is presented. The boundary layer approaching

the cavity was turbulent, and the thickness was mea-
sured with a total pressure rake. The static pressure
measurements obtained with the deep-cavity configu-

ration (1/h = 4.4) at Reynolds numbers greater than

3.0 x 106 per foot showed large fluctuations during

the data sampling time. The data showed much less

unsteadiness at lower Reynolds numbers for the deep

cavity and for all conditions tested with the shal-

low cavity. Although mean static pressure distribu-

tions have been used in past cavity analyses at tran-
sonic free-stream conditions, the data presented in

this report indicate that consideration of the instan-

taneous pressure distributions is necessary. The data
also indicate that the shallow-cavity static pressure
measurements were sensitive to the thickness of the

boundary layer entering the cavity.

Introduction

Many investigations, both experimental (refs. 1

9) and computational (refs. 10 17), have been
conducted to study the flow field inside two- and

three-dimensional rectangular cavities. Although in-

vestigations have been conducted from the subsonic

to the hypersonic regimes, most of the effort has con-

centrated on the supersonic speed regime for appli-

cation to military aircraft. Because of a renewed in-

terest in the internal carriage of stores, a basic study

of cavity flow at subsonic and transonic speeds has
been conducted.

Three types of mean flow over the cavity (fig. 1)

exist at supersonic speeds. The first type of mean
flow occurs when the cavity is "deep" and is termed

open-cavity flow. In open-cavity flow, the flow essen-

tially bridges the cavity, and a shear layer is formed
over the cavity. A weak shock can form near the

leading edge of the cavity as a result of the flow

being compressed slightly by the shear layer. The

second type of mean flow occurs when the cavity is
"shallow" and is termed closed-cavity flow. In closed-

cavity flow, the flow separates at the forward face of

the cavity, reattaches at some point along the cavity

floor, and separates again before reaching tile rear

cavity face. In this flow field two distinct separation

regions are created; one is downstream of the for-
ward face, and one is upstream of the rear face. The

third mean flow occurs in the region where the flow

field changes from closed- to open-cavity flow and is

termed transitional-cavity flow. Stallings and Wilcox

(rcf. 4) have found that transitional flow occurs in su-

personic free-stream conditions for 1/h ratios between

approximately 10 and 13.

The open- and closed-cavity flow fields can have
undesirable effects on the store or cavity at super-

sonic speeds. For the open-cavity flow field, high-

intensity tones can be produced which can induce

structural vibration (ref. 9). When closed-cavity

flow fields are present, the cavity pressure gradient

can impact adversely the store separation character-

istics (ref. 18).
The type of flow field which is present in the

cavity must be known to ensure good carriage and

separation characteristics for the store. Research

on cavity flow in the transoific speed regime has

been limited (refs. 1, 2, and 6). Most of this work
focused on cavities with 1/h ratios between 4 and 10.

The pressure distributions from these cavity studies
showed that at transonic speeds the flow field inside a

cavity was similar to the flow field that developed at

supersonic speeds and that the three types of mean

flow occurred for approximately the same values of

l/h.
To accomplish the internal carriage and release

of stores at transonic speeds, the cavity flow field

must bc understood more fully. This investigation

was conducted to expand the data base and knowl-

edge of flow fields in cavities for subsonic and tran-

sonic regimes and to study the effects of Reynolds
number on cavity flow fields. A rectangular, three-

dimensional cavity model (ref. 19) was tested in the

David Taylor Research Center (DTRC) 7- by 10-Foot

Transonic Wind Tunnel (TWT) at Math numbers

from 0.30 to 0.95 and at Reynolds numbers from

1.0 x 106 to 4.2 x 106 per foot. Two sizes of cavi-

ties (l/h = 4.4 and 11.7) were tested and extensive
static pressure data on the model were obtained. The

boundary layer approaching the cavity was turbulent
and had been thickened artificially. The boundary-

layer thickness was measured with a rake 2 in. up-

stream of the cavity.

Symbols

Symbols in parentheses are found in tables IV XI.

Cp (CPxxx) coefficient of pressure,
' qo¢.,

C/_ critical pressure coefficient



h

l

Mx

P

P2K2

Pt

Pt

q_

R_

t

_ :'YC

U/U_

d;

Y

cavity depth, fl

cavity length, fl

fi'ee-stream Mach number

measured surface static pressure, psf

free-stream static pressure, psf

measured local total pressure, psf

free-stream total pressure, psf

fl'ee-stream dynamic pressure, psf

free-stream unit Reynolds nmnber,

per ft

t ime, sec

free-stream total temperature, °F

ratio of local velocity to free-stream

velocity

cavity width, ft

distance in streanlwise direction, ft

(see fig. 4)

distance in spanwise direction, ft
(see fig. 4)

distance normal to flat plate, ft (sec
fig. 4)

t)oundary-layer thickness, in.

Experimental Methods

Wind-Tunnel Description

The transonic cavity flow model was tested in the

DTRC 7- by 10-Foot TWT. The 7- by 10-Foot TWT

is a continuous-flow, transonic facility ttmt is capable
of operating over a Math immber range from 0.2 to

1.17. The tunnel can obtain Reynolds numbers per

toot from approximately 1.0 x 106 to 5.5 x 10 6 . A

diagram that shows the operating range of the 7-

by 10-Foot TWT is provided in figure 2. The solid

circles (fig. 2) (tenote tim conditions at which the
present test has been conducted. More irffornlation

concerning this facility is documented in reference 19.

Model Description

A rectangular, three-(timensional cavity was

mounted in a flat plate; a photograph of the model

mounted in the tunnel is shown in figure 3. A flat

plate was chosen ms the parent body to allow a well-

defined two-dimensional flow field to develop ahead

of the cavity. The model was supported in the cen-

ter of the tmmel t)y six legs. The forward two legs

on each side were swept to distribute longitudinally

the model cross-sectional area for blockage consid-

erations. Two guy wires were attached to opposite
sides of the plate to increase lateral stiffness and sta-

bility. The 12:1 elliptical contour of the leading edge
and the trailing-edge flap were chosen to reduce the

leading-edge pressure gradient. (The trailing-edge
flap had little effect oil the leading-edge pressure dis-

trilmtion.) A fairing was placed around the cavity on

the underside of the plate for aerodynamic purposes.

The cavity had a length of 3.5 ft, a width of

0.8 ft, and a maximum depth of 0.8 ft. The model

dimensions are shown in figure 4. The cavity floor

could be moved from the maximum depth of 0.8 ft

to a depth of 0.3 ft or to the plate surface. The

configuration with no cavity, the floor at the plate

surface, was used when the boundary-layer thickness

was measured. The cavity l/h values tested were 4.4

for the deeper configuration (h = 0.8 ft) and 11.7 for

the more shallow configuration (h = 0.3 ft).

In addition to the basic rectangular box cavity,
three additional cavity configurations were tested.

Two of these configurations were variations on tim

empty cavity shape and were inade by inserting
wooden bh)cks inside the cavity (fig. 5). The front

[)locks consisted of two triangular blocks placed in

the forward corners of the cavity to give tile cavity

leading edge a pointed shape (fig. 5(a)). The rear

block was a single block placed in the aft portion

of the cavity to create a tarot) (fig. 5(b)). The
intent of changing tim cavity shape was to affect

the pressure waves inside the cavity. The tones

inside the cavity were expected to be reduced if the

wave front could be disrupted. (Heller and Bliss

(ref. 9) give a detailed description of the pressure

wave activity inside a cavity.) Dynamic transducers

imd been installed on the cavity floor to enable
frequency spectra in the cavity to be calculated, but

the measurenlents obtained were in error; therefore,

tim data were not reduced. Due to tinle constraints,

tile deep cavity was tested only with blocks in the

forward portion of the cavity. The shallow cavity
was tested in both configurations, wittl either the

front blocks or with a rear block. The shallow cavity

also was tested in a third configuration, which was

a sawtooth fence installed at the cavity leading edge

(fig. 6). The purpose of a leading-edge fence was to

help the flow span the length of the cavity, thereby
reducing unfavorable store separation characteristics

associated witil the closed (shallow) cavity. To have

tile most effect on the shear layer, experience has
shown that the fence height should be between :_q to

1 times the boundary-layer thickness. The expected
boundary-layer thickness was 0.8 in. for this test, so

a fence height of 0.7 in. was chosen for the test.



A tablethat sulnlnarizesthemodelconfigurations
testedis givenbelow.

Configuration l / h

Empty 4.4, 11.7
Front blocks 4.4, 11.7

Rear block 11.7

Fence 11.7

The model was instrumented with 262 static pres-

sure orifices. A majority of these orifices were con-

centrated on tile cavity walls. Figure 7 shows the

regions on the model where tile orifices were located.

and table I provides tile static pressure orifice loca-

tions. (Note that the orifice nuInber was assigned by

instrumentation hookup; therefore, the munbers are

not consecutive.) Not all orifices were availalfle for

all configurations tested.

Test Conditions

The model was tested in the DTRC 7- by 10-
Foot TWT at Mach mmfl)ers from 0.3 to 0.95 and at.

Reynolds nmnbers ranging from 1.0 × 106 to 4.2 x 106

per foot. Tile ReynoMs nunll)er was wlried tbr fixed
Mach numbers between 0.60 and 0.90. Tal)le II

provides a sumnlary of the nominal test con(litions.

Measurements

Surface static pressures. The model static

pressures were measured using electronically scanned

pressure (ESP) t.ransdueers that were referenced to

the tunnel static pressure; these transducers had a

range of ±5 psid and a quoted accuracy of ±0.01 psi.

Tile tunnel static and total pressures were measured

using individual quartz transducers with a quoted ac-

curacy of 0.03 percent of the full-scale range (30 psia).

During the experimental investigation, a Cp ver-

sus x/l plot of the pressures on the deep cavity (I/h

= 4.4) centerline was displayed and updated contin-
uously. Observation of the static pressure data indi-

cated tile possibility of a pressure wave in the cav-
ity. Earlier tests (refs. 1 5 and 7 9) did not report

this unsteady characteristic of static pressure data;

in fact, for supersonic free-stream conditions, dis-

cussions with Stallings (private conmnmication from

Robert L. Stallings, Jr., NASA Langley Research

Center, Hampton, Virginia, 1987) indicated the data

in references 4 and 5 were very repeatable. The re-

cent data reported by Dix (ref. 6) also showed tile

cavity static pressures t.o be unsteady at. subsonic
and transonic flow" conditions.

For tile experimental data reported herein, each

orifice was sampled 20 times over a 1.25-see period;

t,hese data then were averaged to pro<tuce tile results

for one data point. Because the data were not repeat-

able, several data points were taken consecutively,

while test. conditions were heht constant. Approx-

imately 100 data samples were taken a.t each test

condition to ot)tain a representative saint)ling of tile
data.

Boundary-layer thickness. The ratio of

boundary-layer thickness to cavity depth was shown

t.o be an important paralneter to match in the study

of cavity flows (ref. 3). The scaled boundary-layer

height was estimated to be approximately 0.8 in. at

flight conditions. To obtain a boundary-layer thick-

ness of 0.8 in. at tile cavity leading edge would require

approximately 5 ft of flat plate ahead of the cavity.

To reduce the model weight because the plate was

being made of a solid piece of aluminum, only 3 ft.

of plate forward of the cavity was used. An atepro-

priate t)oundary-layer thickness was artificially gen-

erated by placing a heavy layer of No. 60 grit from

1 in. aft of the leading edge to 24 in. aft of tile leading

edge. The length of the band of grit was (tetermined

by specifying tile length of the smooth surface that

was required downstream of tile roughened surface

to allow the boundary layer to readjust. The length
of the smooth surface needed to allow the boundary

layer to recover was approximately 15 boundary-layer

thicknesses (refs. 20 and 21).

To determine the boundary-layer thickness, tile

cavity floor was moved flush with the plate surface,

and the total pressure through the boundary layer

was measured with a rake at: a point 2 in. forward

of tim cavity leading edge. A drawing and photo-

graph of the rake are shown in figures 8 and 9. A

±15 psid ESP module, referenced to tunnel static,

was used to measure tile total pressures through the

boundary layer; the measured pressure was accurate
to ±0.03 psi.

A static pressure port also was located on the

flat plate 2 in. forward of the cavity leading edge.
Because the static pressure port was at, the same

position as the rake, the rake affected the static

pressure measurement when this measurement was

taken while the rake was in place. To prevent this

interference, the static pressure measurement was

obtained during later runs in which the same test

conditions were used and the boundary-layer rake
had been removed.

Several methods were considered to determine the

boundary-layer thickness. The disadvantages of most

methods are that a, curve must be faired through tile
boundary-layer velocity profile and that a consistent
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deternfinationofthecurveintersectionwith tile free-
streamvelocitymustbemade.Thecurveintersec-
tion isdifficulttodeterminewithanyconsistencybe-
causeoftheasymptoticnatureofthevelocityprofile.
In this test.,tile boundarylayerwasverythickand
nearlyequalto theheightof theboundary-layerrake,
thuscausingnmchinconsistencyin theestimationof
theboundary-layerthickness.Themethoddescribe<t
in reference22wasemployedin orderto providean
estimatefor comparisonpurposes.In this method,
themeasuredtotalpressurePt was plotted against z,

which is tile measured distance of each total pres-

sure tube above the flat plate. (An example of the

data obtained in the test is shown in figure 10.) A
straight line then was faired through the last several

data points inside the edge of the boundary layer, as

illustrated in figure 10. The boundary-layer thickness

then is defined to be the value of z where the linearly

extrapolated boundary-layer total pressure reaches

free-stream total pressure. (This is shown on the plot

as the point where the line drawn through the mea-
sured pressures in the boundary layer intersects with

the free-stream total pressure value Prec.) To deter-

mine if this method was reasonable, the boundary-

layer thickness was estimated using the traditional

<tefinition of boundary-layer thickness; the edge of

the bomMary layer was defined to be the point where

U/U_ = (}.99. The value of Pt at. U/U_c = 0.99

was calculated assuming that an adiabatic and per-
fect flow existe<t and that the static pressure mea-

sured at the surNee remained constant through the

b<nm<tary layer. The calculated value of Pt is plot-

ted as the solid symbol in figure 10 at the value of

z = b est.imated previously. The total pressure esti-

hinted using the conventional definition falls on the

measured total pressure curve, providing assurance

that the boundary-layer thickness determined t)y the
method in reference 22 is reasonable. The actual

bomMary-layer thickness is probably slightly thicker
than the estimation of 5 used herein. The method of

reference 22 assuines that the boundary-layer pres-

sure will increase linearly to free-stream total pres-

sure whereas the pressure in the boundary layer actu-
ally increases asymptotically toward the free-stream

vahn;. Tile boundary-layer thicknesses determined

using the method in reference 22 are tabulated in ta-

ble III. This table shows that _ changes little when

the Reynolds nmnber is increased. The heavy layer

of grit forwar<t of the cavity caused the boundary-

layer thickness to be relatively insensitive to changes
in the Reynohts mmd)er.

A majority of the runs were made with the 2-ft

band of grit at the leading edge; however, in order

to study the effect of a change in boundary-layer

thickness, a few runs were made in the l/h = 11.7

configuration with transition fixed at tim flat plate

leading edge, i.e., instead of using a 2-ft band of

grit. In order to fix transition, a strip of No. 60
grit was sparsely distributed over a width of 0.10 in.

(approximately 1 in. aft of the lea<ling edge) in ac-
cordance with the recommendations of reference 23.

These rmls were made at Mach numbers from 0.30

t.o 0.95 and at the lowest Reynolds number tested

for each Math number (table II). Because of wind

tuimel time constraints, the boundary-layer thickness

was not measured for this configuration. This was a
relatively simple configuration (a flat plate with tur-

bulent flow), so it was expected that an analytical

model could provide an estimate of the boundary-
layer thickness. The deep cavity (l/h = 4.4) was not

tested in the transition strip configuration.

Flow visualization. A sehlieren flow-

visualization system was set up to allow observation

of the flow over the cavity region. No shock waves

from the model leading edge were reflected from the

tunnel wall into the cavity region at any Mach num-
ber tested.

Test plans included flow visualization inside the

cavity. Fifteen-denier monofilament fluorescent mini-

tufts with a diameter = 0.0019 in. were cemented on

the inside cavity walls. One side of the cavity was
plexiglass to allow photographs to be taken of the

tufts inside the cavity. The mini-tufts were to be

photographed during each run; however, this method
was not successful because tile unsteadiness inside

the cavity tore these mini-tufts from the cavity walls.

Tabulated data. The pressure mea,surements,

which were reduced to coefficient form, are presented
in tables IV XI. These tables contain the exact tun-

nel test conditions as well as tile measured t)ressures.

The pressure data are presented as CPxxx, where

xxx refers to the orifice number. (The locations of

the orifices are presented in table I.) The measured

pressure tabulated for each orifice is the average of
the 100 individual data samples.

Discussion of Results

Three methods of calculating pressures are shown

in figures 11 31. The first method compares in-
dividual data samples to demonstrate the varia-

tion in pressures over a 1.25-see sampling period.
(This method is noted in the legends of figs. 11 13

and 31 by "individual data samples are plotted.")
The second method compares data points in which

each data point is the average of 20 samples ob-

tained over a 1.25-sec sampling period. (This method

is indicated by the word "point" in the legends of

figs. 14 and 16.) The third method compares re-

sults among cavity configurations, Mach numbers,
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andReynoldsnumbers;thesedataarepresentedas
theaverageofall measurenmntstakenattile specified
testcondition.(Thismethodis notedin tile legends
of figs.1730by "all averageof 100datasanlplesis
plotted.")

Static Pressure Unsteadiness

Figure 11 shows the variation in Ct_ along tile

cavity floor centerline for several individual samples

taken during a 1.25-see period. Each sample is all in-

stantaneous, unaveraged record of the data. Samples
were chosen to show the wide variation in instanta-

neous static pressure measurements. The plots show

that a sizable change takes place in the magnitude

and shape of the pressure distribution on the cav-

ity floor over time. Figure 11 is representative of

the deep-cavity data obtained at all Math numbers
tested for Reynolds numbers of 3.3 × 106 per ft or

greater. As the Reynolds number decreases, the un-
steadiness also decreases, as illustrated by compar-

ing the data in figures 11 and 12. Figures 11 and

12 also show that the pressure distribution is rela-

tively smooth with no discontinuities. Notice that. at.

x/l _ 0.28 in figure 11 and at x/l _ 0.45 in figure 12,
a node with all curves passing through a pproxinmtely

the same point exists. This node indicates the pres-

ence of a standing wave, which may result from the

interaction of the compression waves inside the cav-

ity. Compression waves are formed as the shear layer

dips into the cavity and the external flow contacts

the rear cavity wall. Reference 9 gives specific de-
tails for the method by' which the compression waves

are formed and interact.. According to Heller and

Bliss (ref. 9), the second modal frequency at which a

cavity oscillates is usually the predolninant mode.
Less flow unsteadiness is seen for the shallow cav-

ity than for the deep cavity (fig. 13). The increased

steadiness of tile flow in the shallow cavity is expected

because there is no fluctuating shear layer as in a

deep cavity.

Data Repeatability

The Cp distribution down the centerline of the

model is displayed in figure 14 as if the cavity were
laid out fiat. The coordinate system is shown in

fgure 4. The first portion of the plot (x//from -1.0

to 0) is the pressure distribution from the leading

edge of the plate (x/l = -0.857) to the beginning

of the cavity. The next segment of the plot (z/h

from 0 to -1.0) shows the pressures measured on the

forward wall of the cavity, beginning near the cavity

opening and moving toward the cavity floor. The

next segment of the plot (x/l from 0 to 1.0) is the

cavity floor, and the segment of z/h from -1.0 to 0

is the rear wall of tim cavity moving from the cavity

floor toward the opening. The last segment (x/1 from

1.0 to 1.4) is the data from the orifices on the plate

downstream of the cavity.

Figure 14 shows four data points taken at zll_c =
0.60 and Rx: = 3.5 × 10 G for the deep-cavity con-

figuration. Very slight differences exist in the aver-

aged measurelnents toward the downstream end of

the cavity floor, the aft wall, and for a short distance
downstream of the cavity. The data on the nlodel

leading edge repeat very well, thus implying that the

unsteadiness in the cavity flow is not due to tunnel
flow instabilities. Notice also that in comparing the

figure 14 data with those in figure 11, the mean data

do not represent the instantaneous pressure distribu-

tion on the cavity floor. These findings are in agree-

ment with the following statement nmde by Rossiter

(ref. 1): "...the real flow is highly unsteady and...the

(mean) flow patterns...do not necessarily correspond
to features which could be observed in the flow at any

instant of tilne." For further comparison the total

variation in the 100 individual, unaveraged measure-

ments as compared to the average measurement for
M.x. = 0.60 and R_c. = 3.5 × 106 is shown in figure 15.

These data show the importance of obtaining a large

enough data sanlpling to define properly the cavity'

mean pressure distribution.

A plot of the repeatability of the data points for

the shallow cavity is shown in figure 16. In this

figure., a representatiw_ pressure, distribution with
20 samples of data averaged for a shallow-cavity

configuration is provided at M:x: = 0.60 and R x =
3.5 × 1()(_; these are the same conditions used for the

deep cavity. Figure 16 shows that the mean data

for the shallow cavity can be considered repeatable,

as was expected froln the small variation ill sanlples

over time (fig. 13).
To study the effects of such parameters as Mach

and Reynolds numbers on cavity flow, data are pre-

sented (figs. 1730) as the average of the 100 individ-
ual pressure samples obtained for a given orifice and
test condition.

Mach Number Effects

Data for various Mach numbers at nearly con-

stant Reynolds numbers are compared in figures 17

and 18. Figure 17 shows data for the deep-cavity

configuration, and figure 18 shows the shallow-cavity

configuration. As shown in figure 17, little differ-
ence exists between the deep-cavity pressure distri-
butions at Mach numbers of 0.85 and 0.95. The

Cp values for Moc = 0.6 are slightly more nega-
tive on the cavity floor than at M_c = 0.85 and
0.95. At Moc, = 0.3, the data show a much dif-

ferent distribution on the cavity floor. The pressure
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distributionsin the aft-cavityregion,includingthe
floorandwall,aremorenegativeat M_ = 0.3 than

for the ()tiler Mach mlml)ers. Although the Reynolds

number at I_[-_ = 0.3 is lower than the Reynolds

numbers tested for the other Mach numbers plotted,

tiffs shouM not affect the mean distribution, as will

be discussed in the section entitled "Reynolds Num-

ber Effects." Figure 18 shows the effect of Mach num-

ber on the measured static pressure distribution for

the shallow-cavity configuration. The lower Math

mmflmrs (0.3 and 0.6) show a slight plateau-pressure

region at x/l -_ 0.5: this plateau pressure implies

that the flow has impinged on the cavity floor and

that the flow structure may be of the closed-cavity

type at the lower Mach mlmbers. At a Mach number

of 0.85, the Cp distribution shows no plateau through
this region; the lack of a plateau is typical of transi-

tional cavity flow. This flow trend also is seen at all

Mach numbers above 0.85, although these data are

not shown in figure 18.

In figures 17 and 18, the data at M_c = 0.3 do not
form a smooth curve. Tile variation in the data about

the mean line may have resulted from the decision

to size the transducers for the high-pressure ranges.

The decision resulted in values of Cp which may be
in error t)v a.s Inuch as -t-0.02; the trends shown in

tigures 17 and 18 for Mx: = 0.3 are valid, however.

Reynolds Number Effects

The Reynolds number effects were of interest

to this test. Previous research indicated that. 6/I

is an important parameter in cavity flows (ref. 3).

Generally, when the Reynolds number is varied, the

thickness of the boundary layer is altered; however,

the thick layer of grit at the leading edge of the

model caused the boundary-layer thickness to change

little with an increase in Reynolds number. This
thick layer of grit allowed the Reynolds number

to be varied indet)endently of the boundary-layer

thickness. Figures 19 and 20 show a coinparison of

Iteynol(ts munbers at a constant Mach number for

the deep and shallow cavities, respectively. These

plots are for M_c = 0.6, t)ut they are representative of
what occurred at all Math numbers. The variation in

Rx for this test. was relatively small (approximately

a factor of 3), so not much change was expected. As

can be seen in the plots, very little change exists in

the mean Cp distribution over the range of Reynolds
mmlbers tested. As discussed in the section on static

pressure unsteadiness, the unsteadiness of the flow

was affected by even this small change in R_c for

the deep-cavity configuration; for R_c > 3 x 106, the

deep-cavity pressures showed large fluctuations with
time.
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Effects of Boundary-Layer Thickness

Th_ shallow cavity was tested using two methods

to develop the boundary layer. In the first method,

the boundary layer was artificially thickened using

a 2-ft band of grit (townstream of the leading edge

(fig. 4). In the second method, the boundary layer

developed naturally after being tripped near the lead-

ing edge of the flat plate. These methods should gen-

erate different boundary-layer thicknesses, and tile

boundary layer that developed after being tripped

at the leading edge should be thinner. Be.cause of

time constraints, the boundary-layer thickness was

not measured when the leading-edge trip was used;

however, with the relatively simple model config-

uration of a flat plate with a turbulent boundary
layer, the one-seventh power law of Stratford and

Beavers (ref. 24) was used to provide an cstiInate of

the boundary-layer thickness. This boundary-layer
thickness was computed to be approximately 0.60 in.

((5/1 = 0.014) for _.l_c = 0.95 an(t R_ = 1.8 x 106

(as compared to a 0.88-in. measured value for the

artificially thickened configuration). The value of

(5, estimated by the Stratford and Beavers method,

was calculated at a point 2 in. forward of the cavity
leading edge in order to compare it with the mea-

sured boundary-layer thicknesses. The calculation

of the boundary-layer thickness that was generated
with the leading-edge strip does not nee(t to be ex-

act. What is important for this comparison is that

a difference in the boundary-layer thickness exists.

Figure 21 shows the sensitivity of the shallow-cavity

pressure distribution to the boundary-layer thickness

as the boundary layer enters the cavity. As can be
seen, the effects are that the pressure distributions

become slightly more positive in the aft region of

the cavity and more negative downstream of the cav-

ity when the boundary layer entering the cavity is
thimmr.

Flow Symmetry

To study the lateral symmetry of the flow inside

the cavity, the Cp distributions on both sides of the
centerlinc are compared; figure 7 shows the locations

of the orifices. Figures 22 and 23 are representative

of the data that were obtained for the deep cavity,

and figures 24 and 25 represent the shallow-cavity
configuration. (Recall that when tile cavity is in

the shallow configuration, fewer orifices are exposed

to the fow.) These plots show that the flow is

relatively symmetrical about the model centerline.
The pressures measured on the sidewall also are

nearly the same as those on the floor. For the

deep-cavity configuration (figs. 22 and 23), the Cp
on the sidewalls becomes slightly more negative for

the orifices in the aft-cavity portion near the cavity



opening,and the rear wall showsa positiveshift.
in tile levelof Cp measured by tile row of orifices

nearest to the cavity opening in the region of the

cavity centerline. This perturbation is probably due

to the shear layer fluctuations on tile rear face of the

deep cavity.

Effects of Cavity Shape

The shallow cavity was tested in several config-

urations. Changes were made to the forward- and

aft-cavity shapes (fig. 5), and a fence was added

(fig. 6). Figures 26 and 27 are representative of the
results obtained. The addition of blocks to the for-

ward portion of the shallow cavity has minimal im-

pact on the static pressure distribution, except on

the rear wall where a more positive pressure distri-

bution resulted (fig. 26). The rear block was not

instrumented; therefore, no static pressure measure-

ments were taken in the aft-cavity portion for this

configuration.

The addition of a fence upstream of the shallow

cavity has a significant impact on tile static pressures

measured on the model (fig. 27). At lower Math

numbers, the pressure distribution is altered to be

similar t.o a transitional cavity flow (fig. 27(a)). For

Mach numbers >0.85, the measured pressures are

reduced considerably in the aft portion of the cavity;
this reduction causes the distribution in the aft end

of the cavity to be more sinfilar to an open-cavity

distribution (fig. 27(b)). The change in the mean
flow t.o more of an open-cavity flow causes a store to

have less diflCiculty separating from the cavity. The

effect of the fence is to impart increased inomentum

to the shear layer as the Mach number increases

(fig. 28). The data are not shown, but at. M,_c _< 0.60,
the fence has a linfited effect on the flow. As the

Math number increases, tile data show very little

separation downstream of the ca_dt.y; however, it is
not clear if this is due to the fence or to Mach number

effects.

The shallow cavity with front blocks was tested

with both the transition strip on the model and with
the 2-ft band of grit. In figure 29, the effect, of

a change in the boundary-layer thickness is not al-

tered when front blocks are placed within the cavity.

The distribution in the aft region of the cavity be-

comes more positive as the boundary-layer thickness

decreases (fig. 21).

The deep-cavity configuration was tested with

blocks in the forward portion of the cavity. The effect

of this shape change on the static pressure distribu-

tion is minimal (fig. 30). The blocks were placed in

the cavity in an attempt to affect, the pressure wave

propagation within the cavity and thereby impact the

noise level of the open cavity. Because tile dynamic

data were in error, tile effect of the block on the un-

steadiness of the cavity was studied by coinparing

the individual static pressure measurements. Several

individual data samples are shown in figure 31; these

samples were taken over a 1.25-sec period (see the

discussion for fig. 11). A comparison of figures 11 and
31 shows that the unsteadiness in the static pressure

measurement is not affected by the change in cavity

shape. The location of the nodal point is affected

however; tile node moves farther downstream. For

the deep-cavity configuration with front blocks, the

node is at x/I _ 0.5 as compared to x/l _ 0.275

for an enlpt.y cavity. The change in the cavity shape

may affect the harmonies of the cavity, but the shape
change does not appear t.o effect the unsteadiness of

the flow (fig. 31).

ConcLuding Remarks

To aid in the understanding of the flow in cavi-

ties at transonic speeds, an experimental study was

conducted in the David Taylor Research Center 7-

by 10-Foot Transonic Wind Tuimel. For this in-

vestigation, cavities with length-to-height (1/h) ra-
tios of 4,4 and 11.7 were tested at Math numbers

from 0.30 to 0.95 and at Reynolds numbers from

1.0 x 106 to 4.2 × 106 per foot. Static pressures

were measured on the inodel, and the boundary-layer

thickness was measured 2 in. upstream of the cav-

ity leading edge. For most of the test, the bound-

ary layer was artificially thickened, thus causing the

boundary-layer thickness to vary little with Reynolds

number. With tile boundary-layer thickness held

constant, Reynolds Immber had no effect on the pres-

sure distribution for the range of Reynolds nunlbers

tested. For the shallow cavity (l/h = 11.7), runs
also were made without artificially thickening the

boundary layer. The comparison between artificially

thickened and nonthickened boundary layers showed

the pressure distribution in the aft-cavity portion to

be sensitive t.o boundary-layer thickness entering the

cavity. The measured pressures in the aft-cavity por-

tion were greater than for the thinner boundary-layer

runs. For the deep<avity configuration (I/h = 4.4),
at. Reynolds immbers greater than 3.0 x 106 per foot.,

the individual samples on the cavity floor fluctuated

significantly over the 1-see sampling period. The

data showed much less unsteadiness for the deep
cavity at lower Reynolds numbers and for all condi-

tions tested with the shallow cavity. Although mean

static pressure distributions have been used in pabst

deep-cavity analyses with transonic free-st.ream con-

ditions, the data presented in this report indicate



that averaged data may not be adequate when deter-

mining cavity loads or cavity aerodynamics.

NASA Langley Research Center

Hampton, VA 23665-5225

.hfly 19, 1990
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Table 1. Static Pressure Orifice Locations

(See figure 4 for coordinate origin]

Orifice

lltlIllber

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

5O

51

52

' 53

54

55

0.0 I (,.0 -4.8

0.0 I 1.375 -4.8

Orifice location

(Tn model

Plate, leading edge

Plate, fl)rward of cavity

I
1

I

1
I
1
I

t
I

I
l

I
t
[

Plate, left of cavity

I
I
1

Plate, right of cavity

1
Forward wall of cavity

Orifice

number

[)6

57

65

66

67

68

69

7O

71

72

8O

82

83

84

85

86

87

88

89

90

91

97

98

99

100

101

102

103

104

105

106

1(17

1 (18

109

110

111

112

113

114

115

116

117

118

121

x, in. y, in.
0.0 2.750

0.0 4.125

3.O 4.8

6.0 l 4.8

12.0 4.8

18.11 4.8

3.0 4.8

6.0 4.8

12.0 4,8

18.0 4.8

2.0 -4.8

2.1) -4.8

2.0 -4.8

6.0 -4.8

6.0 -4.8

6.0 -4.8

6.0 -4.8

2.0 -4.8

4.0 -4.8

6.1/ -4.8

8.(, -4.8

1,0 -4.8

2.0 -4.8

3.0 -4.8

4.11 -4.8

5.0 -4.8

6.(1 -4.8

7.0 -4.8

8.0 -4.8

9,0 -4.8

10.0 -4.8

11.0 -4.8

12.0 -4.8

14.0 -4.8

16,0 -4.8

18.0 -4.8

21,.(I -4.8

22.0 -4.8

24.0 -4.8

26.0 -4,8

I0.0 -4.8

12.(, -4.8

15.0 -4.8

24.0 -4.8

Z, ill.

-4.8

-4.8

-1.2

-1.2

1.2

-l.2

-4.8

-4.8

-4.8

4.8

-2.4

-6.0

-7.2

-2.4

3.6

6.0

-7.2

-4.8

-4.81

-4.8 [

-4.8

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1,2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-4.8

-4.8

-4.8

-4.8

Orifice location

on model

Forward wall of cavity

Forward wall of cavity

Right-hand sidewall of cavity

I
r

l
l

Left-hand sidewall of cavity

1
{

J
I
I
I
1

Left-hand sidewall of cavity



TableI. Contimmd

Orilier

lllllllber

123

12,1

125

126

12<`7

130

131

132

133

134

135

136

137

138

139

1411

141

1,12

143

144

145

146

147

l-lY,

14(,t

1511

[51

152

153

154

155

156

157

158

15<,7

161

162

163

1(i4

1(i5

161i

167

168

769

770

171

1S.0

x, in.

18.(I

18,0 I
18,0 J

1.0

2.O

3.0

4.0

5.0

6.0

8D

10.(!

12.0

1-I.(}

16,0

18.0

20.0

1.0

2.1)

3.(1

4.0

5.0

li .0

S.O

10.0

12.0

1-1.(1

16,(}

18.0

20.0

2,0

4,0

6,0

12.0

IS,()

22.0

24,(1

26.O

28.0

30.0

32.0

34,0

36,0

37.11

38.O t39,0

1_, ill.

-4.8,

-4.8

-4.8

-4.8

1).(1

0.0

02

0.0

0.0

(),(I

0.0

0.0

0,0

(),1)

0.(J

o.0

0.0

2.4

2.4

2.4

2..1

2,4

2.4

2A

2.,1

2.,1

2.-1

2.4

2.3

2.4

2.,1

2.4

- 2.4

2.4

-2.4

(1,([

0,0

0.[)

0.0

0.0

0.{}

O.(I

0.0

0.0

0.1}

0.0

_, ill.

- 2.40

- 3.60

6.00

-7.20

Variable

Variabh,

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variallh'

Variable

Variable

Variable

Variable

VariaI_lt'

\'ariab'ie

Variable

Variable

Variable

VarialAe

Variable

Variable

Varial)le

Varial)le

Variable

Variable

Variable

Variable

Varial)le

\ariable

Variable

Varial)le

Variable

Variable

Variable

Variable

Variable

Orifice location

on model

Left-band sidewall of cavity

I

Car)t? ttoor

I Orifice

I number

I 172

I 173

[ 174

I 175

[ 176

lJ_

] 178

I 179

{ 180

I 181

I 782

I 783

I 184

I 185

I 186

I 188

I 189

I 790

I 1<,71

I 193

i 194

[ 195
196

, 1.1t7

I 198

1<,79

20(1

201

202

2O3

2(74

2115

206

207

208

209

210

211

212

213

214

215

216

217

218

219

X! Ill.

411.0

41 .(7

22,0

24,0

26.0

28.0

30.0

32.0

34.[7

36.0

37.0

38.O

39,0

40.0

41.0

30.0

36.0

38.0

40.0

28.(7

30.O

]31.0

32.0

: 33,0

, 34.0

35.0
i

36.0

37.(l

38.0

39.0

40.0

41.0

30.0

32.0

34.0

36.O

38.0

40.0

3(7.0

30.0

3(1.0

30.0

36.0

36.0

36.0

36.0

y, Ill.

0.0

0.0

2,4

2.4

2,4

2.4

2.4

2.4

2.4

2.4

2.4

2.4

2,4

2.4

2.4

-2.4

-2,4

-2.4

-2A

-4.8

-4,8

-4,8

-4.8,

-4,_

-4.8

-4.S I

-,1.8 I

-4.8

-4.8

-4.8

-4.8

-4.8

-4.8

-4.8

-4.8

-4,8

-4.8

-4,8

-4.8

-4.8

-4.8

-4.8

-4.8

-4•8

-4.8

-4.8

Orifice location

z, ill, I)ll lnollel

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variabh!

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

Variable

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-1.2

-4.8

-4.8

-4•8

-4.8

-4.8

-4.8

-2.4

-3.6

-6.0

-7.2

-2.4

-3.6

-6.0

-7.2

Cavity floor

L
e

I

r

J
l
I
r
I
]

l
Left-hand sidewall of cavity

I
I
t

I

1
f

I
r
I
I

p

I

1
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Tabh, 1. Concluded

Orifice

number

22O

221

222

223

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

257

258

259

26(7

261

262

263

264

265

266

267

268

269

27(7

0.0

0.(}

0.(7

0.0

0.0

0.0

0.0

()rift(:(! location

Oil lllOd(!l

Left-hand sidewall of cavity

1
Aft vcalI uf ('avity

Right-hand sidewall of cavily

I

)
l

Plate, aft of cavity

I

I
1

Plate, left of cavity

)

Orifice

lllllIlbcr

271

272

273

274

275

276

277

27_

279

28(1

281

282

283

284

,r, in.

45.0

32.O

45.0

42.0

42.0

42.(I

.12.0

42.0

42.0

42.0

42.(7

,12.(7

42.0

y, in.

-7.8

-7.8

7.g

7.8

4.1)

3.0

2.0

1.0

0.1}

- 1.0

- 2.0

-3.0

- 4,(I

0.(1

z. in.

0.0

(),(}

0.0

0.0

-1.2

1.2

1.2

-1.2

-1,2

-1,2

-1.2

-1.2

1.2

-2.4

Plate, left of (:avity

Plate, left of cavity

Plate, right of cavity

Plate, right of cavity

Aft wall of ('avily
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Table II. Nominal Test Conditions

Mach Reynolds number,

mmflmr per ft qc_,, psf pt_c, psf Tt_c,°F

{).30

.60

.60

.80

.80

.80

,85

.85

.85

.90

,90

.90

.95

1.0 x 1(I6

1.6 x 106

3.5 x 106

1.5 x 11)6

3.3 x 106

3.9 x 106

1.6 x 106

3.3 x 106

,1.0 × 106

1.6 x 106

1.9 x 106

3,3 x 10 6

1.7 × 106

70.1

202.4

410.9

238.5

529.7

619.6

278.7

550.7

666.9

287.7

317.3

549.4

322.6

1201.5

1023.1

2085.3

818.4

1806.2

2113.6

893.9

1766.9

2116.5

865.3

951.5

1645.6

914.0

112.0

91,3

85.4

105.4

108.3

106,7

120.2

111.3

101.2

116.2

82.5

93.7

121.1

Table III. Measured Boundary-Layer Thickness

Mach Reynolds number,

nmnber per ft b, in.

(1.30

.60

.6O

.80

.80

.80

.85

.85

.85

.90

.90

.90

.95

1.0 × 106

1.6 × 106

:3.5 × 106

1.5 × 106

3.3 × 106

3.9 x 10 6

1.6 × 10 6

3.3 x 10 6

4.0 × 106

1.6 x 106

1.9 x 10 6

3.3 x 10 6

1.7 × 10 6

Not measured

0.80

.77

.82

.86

.85

.84

.88

.88

,85

.87

.90

.88

12
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Open-cavity flow
I/h < 10

/]J_/I//lll/llll/ll/lT/

Transitional-cavity flow
10 < I/h < 13

, _Exit shock

cp 2

Closed-cavity flow
I/h > 13

Figure 1. Sketches of cavity flow field models at supersonic speeds (ref. 4).
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Figure 2. Operating conditions for DTRC 7- by 10-Foot TWT (ref. 19).
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BLACK AND VCHIIE PHOTOGRAPN

L-87-4034

Figure 3. Transonic cavity flow model installed in DTRC 7- by 10-Foot, TWT.

Flow

Figure 4.

s Grit no. 60
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Schematic drawing of transonic cavity flow model. (All dimensions are ill feet unless otherwise noted.)
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(a) Front blocks.

FI0w_,,

I lii!}!}iit] ] I3.6 in.l.ol

45 °

(b) Rear block (shallow cavity only).

Figure 5. Nonrectangular cavity configurations.

Flow I_Fence
f 1 I I_""_"

i J

(a) Fence placenmnt on model.

0.7

0.2 I_ 9.6 _1,,...I--_

(b) Enlarged frontal view of fence,

Figure 6. Model configuration with leading-edge fence. (All diinensions are in inches unless otherwise noted.)
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Figure 7. Static pressure orifice locations.
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Figure 8. Schematic drawing of bom_dary-layer rake. (All dimensions are in inches.)
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Figure 9 Boundary-layer rake installed on model
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Figure 10. Estimation of boundary-layer thickness.
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o 0.000
[] .264

<5 .330 [x
zx .660

r,, 1.056 o

Figure 11. Variation of cavity floor centerline pressure distributions with time where I/h = 4.4, M_ = 0.60,

and R_c = 3.5 x 106. (Individual data samples are plotted.)
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Figure 12. Variation of cavity floor centerline pressure distributions with time where l/h = 4.4, AI_c = 0.60,

and R_c = 1.6 x 106. (Individual data samples are plotted.)
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Figure, 13. Variation of cavity floor cent erline pressure distributions with time where I/h = 11.7, Al_c = 0.60,

and l_x = 3.5 x 106. (Individual data samples are plotted.)
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Figure 14. Repeatability of centerline pressure distributions where l/h = 4.4, _,[_c = 0.60, an<t R_c = 3.5 x 106.

(Each point is an average of 20 data samples.)
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Figure 15. Range of static pressure measurements along cavity floor centerline where l/h = 4.4, M,_ = 0.60,

and /_c = 3.5 x 106.
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(b) Sidewalls.

Figure 99 (ore t artson of cavity longitudinal pressure distrilmtions where l/h 4.4, Mx

/_-v = 1.7 × 10 {i. (An average of 100 data salnples is plotted.)
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Figure 23. Comparison of cavity lateral pressure distributions where l/h = 4,4, 3I_c = 0.95, and R_c =
1.7 x 106. (An average of 100 data samples is plott, ed.)
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Figure 24. Comparison of cavity longitudinal pressure distributions where l/h = 11.7, /li_c = 0.95, and
R_c = 1.7 x 106. (An average of 100 data samples is plotted.)
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Figure 31. Variation of cavity floor centerline pressure distributions with time for cavity with front blocks

where l/h = 4.4, M_c = 0.60, and R_c -- 3.5 × 106. (Individual data samples are plotted.)
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